Metal-oxide heterostructures have been attracting considerable attention in recent years due to various technological applications. We present results of electronic structure and transport calculations for the Au-MgO-Au ͑metal-insulator-metal͒ heterostructure based on density-functional theory and the nonequilibrium Green's functions method. The dependence of the conductance of the heterostructure on the thickness of the MgO interlayer and the interface spacing is studied. In addition, we address the effects of O vacancies. We observe deviations from an exponentially suppressed conductance with growing interlayer thickness caused by Au-O chemical bonds. Electronic states tracing back to O vacancies can increase the conductance. Furthermore, this effect can be enhanced by enlarging the interface spacing as the vacancy induced Mg states are shifted toward the Fermi energy.
I. INTRODUCTION
Metal-oxide heterostructures are most important for many areas of science and engineering such as structural materials, photovoltaic devices, heterogeneous catalysis, coatings and sensors. 1 Their properties are often dominated by the interfaces between the component materials, which can show electronic features not present in the bulk systems. For example, conduction states may be created at the interface between two insulating compounds 2 or charge-transfer effects may perturb the electronic structure. 3 Various heterointerfaces between a metal and an insulator, typically metal-oxide interfaces, have been studied. [4] [5] [6] [7] [8] [9] [10] [11] Beyond, tunnel junctions with ferromagnetic metals are of utmost importance in spintronics. 12 The Fe-MgO-Fe heterostructure often is considered a prototypical magnetic tunnel junction for spintronics applications and therefore has been subject to intensive experimental and theoretical research, see Ref. 13 , and the references therein. From the experimental point of view, significant progress has been achieved in the determination of the atomic structure of ceramic-metal interfaces, in particular by high-resolution electron microscopy 14 and atom probe field ion microscopy. 15 Furthermore, spatially resolved electron energy loss spectroscopy is able to elucidate the electronic structure of ceramic-metal interfaces. 16 The Au-MgO interface has been described in detail in Ref. 17 . The interface configurations in Pd-MgO have been compared in Ref. 18 with respect to the energetic position of the electronic states.
Point defects occur naturally and by design in insulating and semiconducting crystals, producing characteristic optical and electronic properties. 19 In the following we focus on defects due to vacancies. In MgO, the latter are classified as F ͑color͒ centers when an O atom is removed and V centers when an Mg atom is removed. O and Mg vacancies appear not only in MgO bulk crystals 20 but especially accumulate at interfaces. Experimentally, vacancies have been found on the surfaces of Au nanoparticles embedded in MgO ͑Ref. 21͒ and defects have been observed on the ͓001͔ surface of ultrahigh vacuum cleaved single MgO crystals. 22 In addition, bonding between metal atoms and defects has been reported for both the Au-MgO ͑Ref. 23͒ and the Fe-MgO ͑Ref. 24͒ heterointerface.
In this context, the Au-͑MgO͒ n -Au heterostructure, where the parameter n denotes the thickness of the MgO interlayer in unit cells, is a prototypical system for investigating the influence of structural defects. For interfaces with O and Mg atoms adjacent to the Au atoms, respectively, we will discuss the dependence of the transport properties on n and the interface spacing. In addition, we will study in detail the effects of O vacancies incorporated into the heterostructure. To achieve this goal, we employ the SIESTA ͑Ref. 25͒ and SMEAGOL ͑Refs. 26 and 27͒ simulation packages. Our paper is organized as follows: after describing the computa-tional method and settings in Sec. II we will present in Sec. III electronic structure and transport results for clean AuMgO-Au junctions without vacancies. In Sec. IV we then will focus on the effects of F centers in the MgO interlayer. In Sec. V we will present our conclusions.
II. COMPUTATIONAL METHOD AND SETTINGS
We construct the Au-MgO-Au supercell by sandwiching an MgO layer of n = 1, 2, or 3 fcc MgO unit cells, i.e., 3, 5, or 7 MgO monolayers, between two semi-infinite double layer fcc Au ͓100͔ electrodes. For establishing the transport properties we consider two configurations of the Au-MgOAu junction: Either the interface Au atoms lie on top of O ͑conf. I, shown in Fig. 1͒ or on top of Mg ͑conf. II͒. It has been demonstrated earlier that conf. I is lower in energy. 17 The junctions are assumed to be periodic in the xy plane with z being the transport direction. As a consequence of the 3% lattice mismatch between Au and MgO we have to introduce a minor lattice strain by setting the MgO lattice constant to the Au value a Au = 4.09 Å instead of a MgO = 4.2 Å. It can be assumed that this lattice strain does not affect our conclusions, as the forces parallel to the interface are moderate. For the Au-MgO distance, i.e., the interface spacing, we study values of d = 2.05, 2.5, and 3.06 Å.
The SMEAGOL package is based on density function theory, using SIESTA, and the nonequilibrium Green's functions method. Recently it has been used to describe the transport through rough Al, Cu, Ag, and Au interfaces 28 and the Fe-MgO-Fe heterostructure. 13 We apply norm-conserving pseudopotentials in the fully nonlocal Kleinman-Bylander form 29 with a single zeta basis set and, analogous with related studies, 30 the local density approximation. A mesh of 15ϫ 15ϫ 100 k points is employed in the leads calculation, while a mesh of 10ϫ 10ϫ 1 k points is used to evaluate the transmission coefficient and the current at different bias voltages. To determine the density matrix, we choose 16 energy points on the real axis and likewise 16 points on both the semicircle and the line in the complex plane. Moreover, 16 poles in the Fermi distribution are employed. We have thoroughly checked the electronic structure results of bulk MgO and Au by comparing them to data from previous studies. In particular, the band gap of MgO is found to be 5.16 eV, which agrees well with the theoretical values reported in Refs. 31 and 32, but is lower than the experimental value of 7.8 eV ͑Ref. 33͒ due to the underestimation of band gaps by the local density approximation.
III. CHARGE TRANSPORT THROUGH THE CLEAN JUNCTION
We first study the electronic structure of conf. I at an interface spacing of d = 2.05 Å. To this aim, we analyze the projected density of states ͑PDOS͒, see Fig. 2 . On the lefthand side, the PDOS of atoms right at the interface is plotted for the n = 1 system. A strong hybridization between the Au and MgO states is evident. As compared to bulk MgO, additional interface states are found near the lower MgO band edge at −8 eV and at −4 eV. 34 Thus, formation of an interface Au-O bond is evident. Au induced gap states fill up the MgO band gap and leave the interface metallic. The PDOS calculated for O and Mg atoms in the center of the interlayer turns out to be bulk-like even for the thin n = 1 interlayer, see the right-hand side of Fig. 2 . The occupied states in the energy range between −10 and −2 eV are O 2p dominated, whereas the Mg 3s states dominate at higher energy. When the thickness of the MgO layer increases to n = 2 the peaks at −8 and −4 eV, reminiscent of the Au-O bonding, vanish. While distinct differences are visible in the PDOS of the central MgO layer for n = 1 and n = 2, the result for n =3 largely resembles the n = 2 PDOS.
Corresponding transport data are shown in Fig. 3 . For low energies of −10 to −6 eV the shape of the transmission coefficient as a function of the energy, T͑E͒, is closely related to the PDOS of the central MgO layer, see the right-hand side of Fig. 2 . However, the transmission vanishes at about −5.5 eV although there is a significant PDOS up to −4 eV for all systems under investigation. Only for the n = 1 interlayer transmission is found up to about −3 eV, where the transmission peak at −4 eV is related to the interface states. The Au induced gap states lead to a remarkable transmission at the Fermi energy in the n = 1 case. Since they cannot pen- etrate into the center of thicker MgO interlayers, the transmission at the Fermi energy is drastically reduced in these cases. The I-V characteristic thus shows a higher conductance for n = 1 than for n =2,3; note the scaling factor of 0.2 in Fig. 3 .
Turning to conf. II, see Fig. 4 , no Au-MgO bond is established since hybridized states are missing in the PDOS. The Au induced gap states reappear around the Fermi energy and again a reduced band gap is found for the interface Mg states. The O PDOS of the central MgO layer is similar for n = 2 and 3 but deviates slightly in the n = 1 case. Moreover, with the interlayer thickness the Mg-O hybridization increases and the PDOS peaks become more pronounced. A minor shoulder due to the Au induced gap states is present at −1.8 eV for n = 1 but disappears for the thicker MgO interlayers. Due to the weak coupling to the metal, the shape of T͑E͒ in Fig. 5 again resembles the PDOS of bulk MgO. We find that the conductance of the tunnel junction in conf. II is smaller than obtained for conf. I. With increasing thickness of the MgO interlayer, d MgO , it decreases exponentially
see the logarithmic plot in Fig. 5 .
In the next step, we study the influence of the interface spacing on the charge transport through the Au-MgO-Au junction. As an example, we consider conf. I for n = 1. The left-hand side of Fig. 6 shows the PDOS for interface atoms at an interface spacing of d = 3.06 Å. The data resemble the PDOS of conf. II at d = 2.05 Å, see Fig. 4 . In particular, there is no sign of Au-O bonding. Thus, an Au-MgO distance of some 3 Å is sufficient to fully suppress the Au-O bonding. The O PDOS of atoms in the central MgO layer at different interface spacings is compared on the right-hand side of Fig.  6 . It has been found theoretically that the stable Au-MgO distance is d = 2.5 Å. 17 In this case the PDOS turns out to be similar to both bulk MgO and conf. II at d = 2.05 Å, see Fig.  4 . The band width amounts to ϳ6 eV, while it is ϳ7 eV for the shorter spacing. As to be expected, it decreases further to ϳ5 eV for d = 3.06 Å. The rigid band shift with growing interface spacing is connected to the fact that the interface becomes more and more surfacelike. Figure 7 addresses the transport at different interface spacings. Both the onset and the shape of T͑E͒ are determined by the corresponding PDOS, see the right-hand side of Fig. 6 .
IV. EFFECTS OF O VACANCIES
The effect of vacancies is discussed subsequently for conf. I and an interface spacing of d = 2.05 Å. We address the following configurations: a symmetric vacancy generated by removing an O atom from the center of the MgO interlayer, an asymmetric vacancy located at 1/4 of the MgO interlayer, a vacancy located right at the interface, and a situation with two vacancies located at 1/4 and 3/4 of the MgO interlayer.
For the n = 1 Au-MgO-Au junction and a symmetric vacancy the PDOS of the interface atoms is displayed on the left-hand side of Fig. 8 . The main difference as compared to the clean system, see As compared to the clean system, the transmission of the n = 2 Au-MgO-Au junction can be enhanced by incorporating a symmetric vacancy, compare Fig. 9 to Fig. 3 . This fact traces back to the vacancy states centered at about −2.5 eV. In the case of the n = 1 Au-MgO-Au junction, the contribution of these states is even higher. According to Fig. 9 , further enhancement of T͑E͒ can be achieved by incorporating asecond vacancy. In Fig. 10 we compare T͑E͒ findings and I-V characteristics of various vacancy configurations for the n = 2 Au-MgO-Au junction. We observe that the transmission at the Fermi level decreases when the vacancy approaches the interface. Therefore, a symmetric vacancy enhances the conductance, whereas an asymmetric vacancy has almost no effect as compared to the clean system. Finally, the conductance is reduced for the interface vacancy, which represents the experimental case as vacancies accumulate at the interface. Confirming the above discussion, the largest conductance is found when a second vacancy is present. Therefore, enhancement of the transmission depends both on the number and the position of the vacancies. Finally, we investigate the influence of the interface spacing in O-deficient systems. Corresponding PDOS data for atoms at the interface and in the central MgO layer are displayed in Fig. 11 . Interestingly, the vacancy induced Mg states now are located close to the Fermi energy, which further enhances the conductance.
V. CONCLUSION
In conclusion, we have studied the charge transport through Au-MgO-Au tunnel junctions using the SMEAGOL package. In particular, we have investigated the influence of the thickness of the MgO interlayer, the interface termination, and the interface spacing. An exponential decay of the conductance as a function of the interlayer thickness ͑as expected for tunnel junctions͒ is found only when Au-O bonds are missing, since such interface states enhance the conductance of ultrathin interlayers. An increasing interface spacing suppresses the Au-O bonding and the transmission becomes independent of structural details. The Au induced gap states are found to be similar in both terminations. The conductance decreases strongly with the interface spacing, since the Au-MgO coupling becomes weaker. The latter is reflected by a rigid band shift of the MgO states toward the Fermi energy.
Our results confirm that O vacancies can lead to additional states in the MgO band gap and, consequently, can enhance the conductance of the junction. The effects of symmetric vacancies turn out to be much larger than found for asymmetric vacancies. In addition, the conductance can be enhanced by increasing the vacancy concentration. In contrast to a clean junction where growing interface spacing always yields a reduction in the conductance, the rigid band shift of the MgO states here transfers the vacancy induced Mg states to the Fermi energy, which can be used to enhance the conductance in O-deficient systems. As a consequence, we have identified two main mechanisms which determine the conductance of Au-MgO-Au junctions: Introduction of O vacancies increases the transparency of the MgO interlayer due to the creation of additional electronic states close to the Fermi energy. The interface coupling then can be used to fine tune these states and, therefore, to fine-tune the conductance. Although the interface coupling is a very efficient parameter, it is difficult to control in an experiment.
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